Changes in local cerebral blood flow during sodium nitroprusside hypotension were measured using the hydrogen electrode technique.
INTRODUCTION
The potent and evanescent hypotensive drug, sodium nitroprusside, is indicated for the treatment of hypertensive emergencies and the induction of a bloodless field for surgical proce.dures. Most reports conclude that nitroprusside is safe, effective, easily controlled and non-toxic, as long as the metabolites of nitroprusside, cyanide and thiocyanate, do not exceed 10 to 12 mg% in the blood (Tourville 1975) . However, Michenfelder (1977) concludes that in the dog nitroprusside exceeding 1.0 to 1.5 mg/kg may cause cyanide toxicity.
The hypotensive action of nitroprusside is considered to be mainly vascular smooth muscle relaxation, with consequent pre-and post-capillary dilation.
Because of controversy regarding profound arterial hypotension and compromised cerebral hemodynamics, several reports have investigated the effects of nitroprusside on cerebral blood flow. Using differing techniques for estimating cerebral blood flow, different authors indicated either significant increases (Ivankovich et al. 1976) , no change (Keaney et al. 1973a , Griffiths et al. 1974 , minor decreases (Stoyka and Schutz 1973) or significant decreases (Carter and Atkinson 1973 , Crockard, Brown and Mullen 1976 , Michenfelder and Theye 1977 . Cerebral venous outflow tracts, arterial flow, thermal diffusion or the Xenon clearance technique were used for assessing changes in cerebral blood flow. The electroencephalogram (EEG) has also been used to determine the levels of hypotension that may be incurring infarction of cerebral tissue (Brechner, WaIter and Dillon 1959 , Wiederholt, Locke and Yashon 1972 , Keaney et al. 1973b , Meldrum and Brierly 1969 . The present study investigated changes in local cerebral blood flow (LCBF) using the hydrogen electrode technique, which can Anaesthesia and Intens/ve Care, Vol, VI, No. 4, November, 1978 measure blood flow changes in 0.5 cm 3 of tissue. This is distinct from the above mentioned techniques which measured either total cerebral blood flow or blood flow through greater volumes of tissue. To determine whether changes in LCBF's were accompanied by changes in the electrocorticogram (as distinct from the scalp EEG), time series statistics were used to quantify subtle trends in the electrocorticograms that would be difficult to assess visually.
METHODS
All experiments were performed in accordance with the Code of Practice for Control of Experiments in Animals, issued by the Australian National Health and Medical Research Council. Anaesthesia was induced in eight healthy, adult, mongrel dogs with intravenous thiopentone sodium and maintained with pentobarbitone sodium. The right femoral artery and vein were cannulated and connected to pressure transducers for continuous monitoring of systolic, diastoIic, and mean arterial blood pressure and central venous pressure. Intracranial pressure (lCP) was continuously monitored by a stainless steel adapter fixed in parietal bone and attached to a pressure transducer.
A thoracotomy was performed for exposure of the right vertebral artery and for the placement of a thermistor in the pulmonary artery for cardiac output (C.O.) estimates. The thermistor was firmly affixed in the artery with a purse string suture; bleeding from the artery was slight and transient. A Cardiovascular Instruments cardiac output computer, which employs the thermo-dilution technique, was used for e.O. estimates.
Access to the right vertebral artery at its origin necessitated ligation of the right subclavian vein. The right common carotid artery was exposed through a ventral midline incision in the neck. Electromagnetic (EM) flowmeters (Cardiovascular Instruments) were used to measure carotid and vertebral artery blood flows.
The hydrogen clearance technique was used for estimates of local cerebral blood flow. Platinum electrodes were not stereotaxically placed, but were inserted into the cerebrum at random locations and depths ranging from 1 to 12 mm; a rigid micromanipulator was used to prevent electrode movement and minimize tissue trauma. Construction of platinum electrodes, validation of the hydrogen clearance technique, and blood flow calculations are described elsewhere (Auckland, Bower and Berliner 1964, Miller et al. 1978) .
The electrocorticogram (ECoG) was recorded from bilateral parieto-occipital bone screws. Statistics for discerning slight but significant changes in the ECoG consisted of ensemble averages of the first four central moments (mean, variance, skewness, kurtosis) and power spectral density estimates; these time series statistics were performed on four of the dogs. The detailed use of these statistics is described by Miller, Lampard and Brown (1978) . The artificial ventilation system was computer controlled as described by Lampard, Coles, and Brown (1973) . Respiration was maintained with 60% nitrous oxide, 40% oxygen, 20 breaths per minute at a tidal volume which produced 5 % end-expired CO 2 and at least 98% oxy-haemoglobin saturation at 38°C. Arterial pH, P n C0 2 , and P a 0 2 were measured using a Radiometer BMS3 Mk2 blood micro system; prior to nitroprusside hypotension, sodium b:carbonate (8.4%) was administered if there was a significant base deficit, but not during nor following hypotension.
One per cent sodium nitroprusside dihydrate (Na2[Fe(CNhNO].2H20) was prepared in 2 % trisodium citrate dihydrate, stored at 4°C and protected from light. This stock solution was then further diluted as necessary.
After the preparatory surgery, the animal was allowed to stabilize for at least one hour, during which control measurements were made of cardiac output, vertebral and carotid artery flows, blood pressures, intracranial pressure and local cerebral blood flows. Sodium nitroprusside as a 10 mg% (or 50 mg% for Iow arterial pressures) solution in normal saline was infused through the cephalic vein. Computer control of the nitroprusside infusion allowed control of the mean arterial blood pressure (MAP) to within 5% of the pre-set level. Following a hypotensive period typically lasting twenty or thirty minutes, the nitroprusside infusion was stopped and blood pressure was allowed to recover for at least twenty minutes before another hypotensive episode was started.
RESULTS
Following the preparatory surgery, the control mean arterial blood pressure (MAP) was typically between 130 and 180 mmHg and control heart rates were between 120 and 150 beats per minute. Intracranial pressure was between 1 and 4 mmHg at control blood pressures and increased during hypotension by, at most, 3 mmHg. Central venous pressure was 0 mmHg or slightly negative at control blood pressures and increased during hypotension to between 1 and 4 mmHg. When the nitroprusside infusion was stopped, arterial pressure gradually rose over approximately ten minutes but did not always recover to prehypotensive control pressures; the intracranial and central venous pressure recovered to control values or within 1 or 2 mmHg.
EM flowmeter estimates of carotid and vertebral flows were inconsistent during nitroprusside hypotension. Carotid flows either did not alter or decreased only slightly. Vertebral artery flows sometimes showed an increase but at other times in the same animal and at the same hypotensive level, there was a decrease.
Cardiac output was usually unaffected and was never decreased by more than 20% of the control value. Occasionally, a slightly increased cardiac output was noted under prolonged (e.g. 45 minutes) nitroprusside hypotension.
A gradual decline in MAP and ECoG activity occurred in three dogs (numbers 2, 5, 7) following hypotension to 40% of control; when the infusion of nitroprusside stopped, the blood pressure did not recover, but continued to fall until the ECoG became flat. In another animal (number 3) the blood pressure recovered to 50% of control but the ECoG gradually became isoelectric. The non-recovery of these four animals could not be correlated to arterial pH or nitroprusside overdose, except possibly for animal number 5, who was nitroprusside resistant. The remaining four animals (numbers 1, 4, 6, 8) recovered to (near) control arterial pressures and maintained ECoG activity. Table 1 lists the total dose received by each animal and the subsequent effect on blood pressure or ECoG.
The average of all control LCBF's was 54.4 ± 39.5 ml/min/lOO gm. The large standard deviation emphasizes the wide differences in flow among electrode sites. The mean of 54.4 ml/min/lOO gm was taken from a combined total of 33 electrode sites in eight animals (Le. about four sites per dog). The LCBF response to nitroprusside was extremely variable in each animal, as demonstrated by Figure 1 . Because of the variable response in each animal and among animals, non-parametric testing (Wilcoxon Ranked Pairs Test) was used to distinguish differences in LCBF during the hypotension. Table 2 lists the differences in LCBF for each blood pressure range; for ease in comparative analysis, each parameter is expressed as per cent of control, the control level being 100%. Flows from 90% to 50% are less than control (Table 2) . However, as blood pressure is reduced below 50% of control, the LCBF significantly increases and approaches control values. Heart rate changes are also listed in Table 2 as per cent of control. While these figures indicate a very small pulse rate increase during nitroprusside hypotension, pulse rate response to nitroprusside was often inconsistent among animals and in each animal. In the same animal, while one hypotensive period may have elicited a slight reflex tachycardia, an earlier or later hypotension often caused no tachycardia; if there was a slight reflex tachycardia at the onset of hypotension, it was slight and usually transient.
Under stabilized, control conditions (i.e. 5 % end expired CO 2 , normothermia, at control heart rate and blood pressure) EeoG statistics, measured for four dogs, were variable among animals. Figure 2 shows differences in power spectra for three animals at control blood pressures. When nitroprusside was administered, significant differences in ECoG were noted at each blood pressure level, although these differences were not consistent among animals. Table 3 lists the differences in power spectra for one animal during progressive hypotension. Table 4 lists differences in power spectra for four animals at control MAP and at hypotension below 50% of the control MAP. Changes in ECoG activity were consistently measured by the power spectra, but skewness and kurtosis usually did not differ from control.
DISCUSSION
In Table 2 , the first four mean LCBF's (corresponding to MAP's from 90% to 50% of control) represent a significant decrease from control but are not statistically different from one another. The large standard deviations (Table 2) show that there is considerable spread of flow and that not all electrode sites are responsive to nitroprusside hypotension in the s a m c manner, implying redistribution of blood flow in the microcirculation (Figure 1 ). The significant decrease in mean LCBF by 20% and the large standard deviations indicates that nitroprusside impairs autoregulation even during mild hypotension. The LCBF's corresponding to MAP's from 50% to 30% are significantly greater than at higher blood pressures. It seems paradoxical that the initial decrease in mean LCBF is followed by a significant increase in mean LCBF. This increase may be an hypoxic effect similar to that seen for hyperventilation: continued low blood flows cause localised hypoxia which may ultimately result in increased flows (Wollman et al. 1968 ). Again note the large standard deviations; this indicates that some flows have increased greatly while other flows have still remained depressed.
These results demonstrate the essential differences between measuring total CBF and local CBF. Changes in the local Anaesthesia and Inlenslve Care, Vol. VI, No. 4, November, 1978 locations the major resistance changes in the cerebral vascular bed occur; some evidence favours larger cerebral arterioles as being responsible for vascular resistance changes rather than capillary sphincters or terminal arterioles as in other tissues (Mchedlishvili et al. 1967) . Thus, dilation of larger arterioles could cause either an increase or decrease of LCBF to different areas; arteriole dilation may cause blood to be shunted through anastomoses or branches and away from a precapillary area. The corresponding reduction in capillary perfusion pressure (i.e. reduction of systemic blood pressure or an increase in ICP) aggravates the situation. Conversely, dilation of an arteriole which becomes a terminal arteriole and ends in a capillary bed may cause flow in that bed to increase. Although the ensemble statistics discerned differences between control and hypotensive ECoG's, the changes were not consistent among animals or even within the same animal. Changes in ECoG statistics at the higher blood pressures may not be related to changes in LCBF and may be reflections of a drug effect on the ECoG. However, at lower blood pressures, if increases in LCBF (Table 2) are due to an incipient hypoxia, then the ECoG should show some changes which are consistent with hypoxia, e.g. an amplitude increase in the low frequencies and a decrease in the high frequencies. Three animals did show an increase in low frequency amplitudes (dogs 4, 7 and 8, Table 4 ).
Dog number 1 showed definite ECoG alterations in power spectra, but these were not comparable to changes usualIy seen during early hypoxia; increases in LCBF at some electrode sites also accompanied ECoG changes. In summary, in three dogs the LCBF increases (seen below 50% of control MAP) were associated with ECoG changes seen during hypoxia; in one other dog, ECoG changes were detected at hypotensive levels but may not have been indicative of incipient local hypoxia.
The LCBF increase seen at Iow MAP would not be due to an increase in cerebral perfusion pressure. Central venous pressure and intracranial pressure both increased slightly resulting in a slightly decreased perfusion pressure.
When the MAP was being maintained at 40% of control, four of eight animals exhibited a precipitous drop in blood pressure that did not recover foIIowing withdrawal of nitroprusside. The ECoG gradualIy declined or became isocIectric (Table 1) . Three animals died and a fourth animal recovered to only 50% of control. This was most likely a result of acute cerebral hypoxia or hypoxic ischemia secondary to the hypotension rather than to any toxic effect of nitroprusside or its metabolites. However, animal number 5 was extremely resistant to nitroprusside; the high doses required to induce hypotension may have been toxic.
